Objective: Mineralocorticoids and glucocorticoids have been implicated in the pathogenesis of cardiac diseases; however, both in vivo and in vitro studies indicate that changes in the cellular milieu of either the cardiomyocyte and/or cells of the vasculature is required for corticosteroid signalling to be pathological. The aim of the current study was to directly address whether signalling pathways that are activated during myocyte hypertrophy alter corticosteroid signalling and thus enable these steroids to significantly impact on the hypertrophic response. Methods: Neonatal rat ventricular cardiomyocytes were treated with phenylephrine or phorbol ester for 48 h to induce myocyte hypertrophy. Following treatment, the expression of glucocorticoid receptor, mineralocorticoid receptor, and 11h-hydroxysteroid dehydrogenase were determined by ribonuclease protection assay. In addition, the activity of 11h-hydroxysteroid dehydrogenase and the ability of glucocorticoid and mineralocorticoid receptors to induce serum-and glucocorticoid-induced kinase 1 (SGK1) gene transcription were assessed. Corticosteroid effects on phenylephrine and phorbol ester-induced hypertrophy were determined by measuring atrial natriuretic peptide (ANP) mRNA expression, protein synthesis, or induction of rDNA transcription. Results: Incubation of cardiomyocytes with phenylephrine and phorbol ester for 48 h led to a hypertrophic response with an associated 8-to 12-fold increase in ANP mRNA and 2-fold increase in rDNA transcription. Cardiomyocyte hypertrophy led to a significant 2-fold increase in glucocorticoid receptor and mineralocorticoid receptor expression that resulted in enhanced receptor signaling as judged via the ability of corticosterone and aldosterone to induce SGK1 gene transcription. 11h-Hydroxysteroid dehydrogenase2 was not detected in normal or hypertrophied cardiomyocytes, and 11h-hydroxysteroid dehydrogenase exclusively demonstrated reductase activity, converting the inactive 11-ketometabolite back to active glucocorticoid. 11h-Hydroxysteroid dehydrogenase1 expression and reductase activity were increased with phorbol ester-induced hypertrophy but not phenylephrine-induced hypertrophy. In basal cardiomyocytes, either aldosterone or corticosterone induced only a minor increase in ANP mRNA and protein synthesis; however, in cardiomyocytes primed with phenylephrine, both corticosteroids significantly potentiated phenylephrine-mediated effects via activation of the glucocorticoid receptor. Conclusion: In the present study we demonstrate that significant cross talk exists in the cardiomyocyte between corticosteroid receptoractivated pathways and both protein kinase C and alpha-adrenergic signalling. Cellular changes associated with the hypertrophic response promote corticosteroid signalling and allow for corticosteroid-mediated potentiation of alpha-adrenergic receptor signalling. Such 
Introduction
Cardiac hypertrophy involves both an increase in cardiomyocyte size and proliferation of cardiac fibroblasts and represents an initial compensatory mechanism of the heart in response to increases in hemodynamic load. However, under pathological conditions such as systemic arterial hypertension and myocardial infarction, compensatory hypertrophy often progresses to heart failure. Recently, both experimental and clinical studies have suggested direct effects of aldosterone in cardiac disease. In animal models, high dose aldosterone in conjunction with high salt promotes cardiac hypertrophy and both perivascular and interstitial fibrosis [1, 2] , in a manner that is independent of blood pressure elevation [3] . Furthermore, mineralocorticoid receptor antagonists given in conjunction with existing therapies reduced morbidity and mortality in heart failure patients [4, 5] . These effects also appear to be independent of changes in blood pressure [6] , suggesting that aldosterone directly induces cardiac pathology.
Aldosterone effects are predominantly mediated by intracellular mineralocorticoid receptors (MRs), which have high affinity for both aldosterone and endogenous glucocorticoids. The enzyme 11h-hydroxysteroid dehydrogenase 2 (11hHSD2) converts endogenous glucocorticoids to receptor inactive 11-ketometabolites and in doing so enables aldosterone to access MR in vivo where glucocorticoid concentrations are 2-3 orders of magnitude higher [7, 8] . In the absence of 11hHSD2, MR binds endogenous glucocorticoid which then can act as either an antagonist [9] or an agonist [10 -13] . In contrast to 11hHSD2, which only has the capacity to act as a dehydrogenase and inactivate glucocorticoids, 11hHSD1 can inter-convert hormonally active corticosterone and inactive 11-dehydrocorticosterone (DHB), although the predominant activity is oxoreductase (DHB to corticosterone) in intact cells [14] . Cardiomyocytes express little if any 11hHSD2 but do express MR, GR, and 11hHSD1, which converts the 11-ketometabolite back to an active glucocorticoid [15] . In vivo, heart MR has equivalent affinity for aldosterone and corticosterone [16] , thus cardiomyocyte MR would primarily be occupied by endogenous glucocorticoids. When 11hHSD2 is overexpressed in cardiomyocytes of transgenic mice, which effectively inhibits binding of corticosterone to both MR and GR and thus allows aldosterone access to cardiomyocyte MR, animals are normotensive but spontaneously developed cardiac hypertrophy, fibrosis and die prematurely of heart failure. This phenotype is only partially antagonized by the aldosterone antagonist eplerenone, suggesting that aldosterone activation of cardiac MR was in part causative of the cardiac hypertrophy, and in addition that loss of glucocorticoid signalling also contributes to this phenotype [17] . In another transgenic mouse model in which the animals are normotensive but exhibit chronic hyperaldosteronism there is no evidence of cardiac hypertrophy, fibrosis or remodelling [18] , indicating that high plasma aldosterone alone does not induce cardiac remodelling.
The role of glucocorticoid signalling in cardiac hypertrophy is less clear. Studies on neonates suggest that glucocorticoids induce myocardial hypertrophy in vivo [19, 20] and can directly induce hypertrophy in rat cardiomyocytes in vitro [21, 22] . In addition, treatment with highdose glucocorticoids is associated with an increase risk for cardiovascular disease [23, 24] . In contrast, beneficial effects of glucocorticoids are indicated by the observation that in the myocyte 11hHSD2 transgenic mouse in which myocyte glucocorticoid signalling would be ablated, cardiac hypertrophy is only partially reversed by MR blockade suggesting myocyte glucocorticoid signalling is also required for complete reversal.
In the current studies we directly address whether aldosterone or corticosterone induce myocyte hypertrophy, if corticosteroid receptor signalling and/or 11hHSD dehydrogenase activity is altered in the hypertrophied myocyte and the impact of corticosteroid signalling on the hypertrophic response. These studies demonstrate cross talk between corticosteroid signalling and hypertrophic signalling pathways that result in potentiation of myocyte hypertrophy. Such potentiation of cardiomyocyte growth responses may in part explain the role that corticosteroid hormones play in the pathophysiological progression of heart disease.
Methods

Culture of neonatal cardiomyocytes
Neonatal rat ventricular myocyte cultures were prepared from 1-to 2-day-old Sprague -Dawley rats as previously described [25] . Cells were pre-plated twice for 30 min each to remove non-myocytes and left to attach for 18 h in DMEM/Hepes, 10% fetal calf serum, 0.1 mM bromodeoxyuridine (BrdU), 50 U/ml penicillin G, 50 Ag/ml streptomycin sulfate and 125 Ag/ml fungizone. Medium was then replaced with a defined serum-free medium consisting of DMEM/Hepes, 10 mg/ml human insulin, 10 mg/ml bovine apo-transferrin, 0.1 mM BrdU, 50 U/ml penicillin, 50 Ag/ml streptomycin sulfate and 125 Ag/ml fungizone. For all experiments cardiomyocytes were plated at low density (400 cells/mm 2 ) in 6 well plates and hypertrophy induced by treating cells for 48 h with either 25 AM phenylephrine (PE) plus 1 AM propranolol or 100 AM phorbol-12-myristate-13-acetate (PMA). All procedures conform to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication NO. 85-23, revised 1996) and to the Australian National Health and Medical Research Council code for the care and use of animals for medical research.
RNase protection analysis
[ 32 P]-labelled riboprobes were generated from cDNAs corresponding to rat 11hHSD1, 11hHSD2, GR, MR, serum and glucocorticoid induced kinase 1 (SGK1), glyceraldehyde phosphate dehydrogenase (GAPDH) and atrial naturetic peptide (ANP) as previously described [15, 25, 26] . A [
32 P]-labelled riboprobe was also generated from a cDNA corresponding to a 508 nucleotide fragment of the 5Vexternal transcribed spacer (5V ETS) of the rat 45S ribosomal RNA (rRNA) precursor. The 5V ETS cDNA was PCR cloned from the vector pU5.1E/X, which contains the rat 45S rDNA (À 236 to + 690) promoter [27] . The 508 nucleotide fragment was subcloned into pGEM4Z and linearized with EcoR1 for riboprobe synthesis. The 5V external transcribed spacer (5V ETS) of the 45S ribosomal RNA precursor was used to assess rDNA transcription. Ribosomal RNA's are transcribed as a single pre-rRNA transcript. Following synthesis the ETS regions are rapidly processed and degraded to give rise to 28S, 5.8S and 18S rRNA. Thus, steady state rRNA levels of the 5V ETS region of the 45S rRNA precursor reflect rates of rDNA transcription [28] . Cardiomyocytes were plated at 3.8 Â 10 5 cells (400 cells/mm 2 ) per well of a 6 well plate and total RNA was prepared from cells by the guanidinium isothiocyanate method [29] . Extracted RNA from each well was resuspended in 40 Al 0.1% SDS of which 5 Al was assayed for ANP, and 35 Al for either SGK1, or GR and MR. For the simultaneous measurement of ANP mRNA and 5V ETS rRNA, half the total RNA extracted from a well went into each assay. Thus, for each sample in a particular RNase protection assay RNA corresponding to an equivalent cell number was assessed, thus for each protection assay samples are normalized to cell number. As previously described [26] a solution hybridization/RNase protection analysis of total RNA was used to simultaneously quantify the various mRNA and rRNA levels. Nuclease protection was performed by addition of 300 AL of digestion buffer containing RNase-T1 (250 U, Boehringer Mannheim) and RNase A (10 Ag, Boehringer Mannheim). RNase-protected RNA hybrids were then detected and quantified by phosphorimage analysis (BAS system, Fuji) after electrophoresis on non-denaturing 5% polyacrylamide gels.
11bHSD Activity
For 11hHSD activity studies, cells were incubated with DMEM/HEPES containing 10 nM [ 3 H]11-dehydrocorticosterone (DHB) or 10 nM [ 3 H]corticosterone, and media was sampled at 2 and 6 h. As previously described [26] , following incubation steroids were ethyl acetate extracted from medium, separated by thin layer chromatography, and [ 3 H]labelled steroids visualized and quantified by phosphorimage analysis.
Phalloidin staining of actin filaments
Control and treated cardiomyocytes were fixed in 4% phosphate buffered formalin. Permalized with 0.2% Triton-X-100 and blocked in PBS containing 1% BSA . The cells were stained with tetramethylrhodamine isothiocyanate (TRITC)-labeled phalloidin prior to visualization by fluorescence microscopy.
Protein assay
After treatment media were aspirated and cells lysed by the addition of 200 Al of lysis buffer (0.1 M K 2 HPO 4 , 1.0% Triton X-100 and 1.0 mMM dithithreitol). The lysate was then removed and protein measured by Lowry assay [30] .
Statistics
Data were compared by one-way analysis of variance followed by Fisher's PLSD test. Differences of P < 0.05 were considered significant. All data are expressed as mean T SEM.
Results
MR, GR and 11bHSD1 expression are increased in myocyte hypertrophy
Changes in the expression of 11hHSD1, 11hHSD2, GR and/or MR in cardiomyocytes may potentially alter the ability of aldosterone and corticosterone to induce a functional response. Thus to initially address if corticosteroid signalling is altered as a consequence of the phenotypic change associated with cardiomyocyte hypertrophy, we determined the levels of these receptors and 11hHSD isoforms in response to two distinct hypertrophic signalling agents. Cardiomyocyte hypertrophy was induced in rat neonatal myocytes by treating cells for 48 h with the alphaadrenergic receptor agonist, phenylephrine (PE, 25 AM, plus propranolol 1 AM) or phorbol myristate acetate (PMA), a protein kinase C activator. ANP mRNA expression, a wellestablished marker for cardiomyocyte hypertrophy was used to confirm hypertrophic signalling. RNA was extracted following treatment and ANP mRNA quantified by RNase protection analysis. Both PE and PMA induced myocyte hypertrophic signalling as indicated by a significant 8-12-fold increase in steady state ANP mRNA levels (Fig. 1A) . To assess if corticosteroid receptor levels and/or 11hHSD isoform expression were altered, mRNA for MR, GR, 11hHSD2 and 11hHSD1 was also measured. Both MR and GR mRNA levels demonstrated a significant (2-fold) increase in response to the hypertrophic agents (Fig. 1B) and 11hHSD2 was undetectable in all groups (data not shown). Interestingly, PMA-but not PE-induced hypertrophy increased 11hHSD1 mRNA levels ( Fig. 1C) suggesting that hypertrophy per se does not induce 11hHSD1 expression but the change is selective for the intracellular signalling pathway involved.
11bHSD1 activity is increased in myocyte hypertrophy
11hHSD1 can either act as a reductase or dehydrogenase depending on the state of the cell [31, 32] . In normal cardiomyocytes 11hHSD1 acts as a reductase converting inactive 11-ketometabolites to active glucocorticoid [15] . To determine whether the hypertrophic phenotype results in a shift in enzyme activity, 11hHSD activity was assessed in intact cardiomyocytes following induction of hypertrophy. Cells were treated for 48 h with PE or PMA and then either [ 3 H]11-dehydrocorticosterone (DHB) or [ 3 H]corticosterone was added. After 2 or 6 h media was collected and steroids extracted using ethyl acetate and separated by thin layer chromatography. As illustrated in Fig. 2A , DHB was converted to corticosterone in control and both PE and PMA induced hypertrophic cardiomyocytes. Activity of 11hHSD1 was not changed in response to PE induced hypertrophy but increased 100% in response to PMA, consistent with the increase in 11hHSD1 mRNA. In contrast to reductase activity there is very little dehydrogenase activity in control and hypertrophied myocytes. Conversion of corticosterone to DHB after 24 h in control, PE and PMA treated cells was 6.8 + 0.2%, 7.6 + 0.5% and 4.9 + 0.1%, respectively. We have previously demonstrated that 11hHSD1-mediated conversion of DHB to corticosterone allows this steroid to activate GR and induce SGK1 gene transcription [15] . To assess if the PMA induced increase in 11hHSD1 activity enhances the ability of DHB to induce gene transcription, cardiomyocytes were pretreated for 24 h with 100 AM PMA followed by a 6 h incubation with 30 nM DHB + 4 AM carbenoxolone, an inhibitor of 11hHSD activity. As illustrated in Fig. 2B , addition of exogenous DHB increased SGK1 gene transcription 2.4-fold while in PMA pre-treated cells, DHB increased SGK gene transcription by 4.2-fold. These effects were totally abolished by the 11hHSD1 inhibitor carbenoxolone, demonstrating that DHB per se is inactive in this context, but acts as a substrate for 11hHSD conversion to corticosterone that then is able to induce SGK1 gene transcription (Fig. 2B ).
Myocyte hypertrophy potentiates aldosterone and corticosterone induced gene transcription
We further assessed whether the increase in corticosteroid receptors in the hypertrophied cardiomyocyte led to an increased functional response by mediating enhanced MR and GR signalling. Cardiomyocytes were treated for 48 h with the hypertrophic agents followed by a 2 h treatment with either aldosterone or corticosterone, both of which have the capacity to activate SGK1 gene transcription. Following treatment RNA was isolated and both ANP and SGK1 mRNA induction was assessed by RNase protection analysis. As illustrated in Fig. 3A , both PMA and PE induced myocyte hypertrophy as indicated by the greater than 8-fold increase in ANP mRNA expression, however, neither treatment alone altered SGK1 mRNA expression (Fig. 3B) . At the concentration used (30 nM), which would saturate MR but only partially occupy GR, corticosterone but not aldosterone induced SGK1 mRNA expression. Pretreatment of cells with the hypertrophic agents for 48 h prior to steroid addition potentiated corticosterone induced gene transcription. Corticosterone treatment of PE and PMA pretreated cells induced a 120% and 40% increase in SGK1 mRNA, respectively, above corticosterone alone. Although 30 nM aldosterone had no ability to activate SGK1 transcription in control myocytes, this sub-threshold concentration led to a 130% increase in SGK1 gene expression in cells primed by the hypertrophic agents PE and PMA. The GR antagonist RU38486 blocked the aldosterone effect indicating that aldosterone was mediating its transcriptional effect on the SGK1 gene via GR (Fig. 3B) .
Corticosterone and aldosterone potentiate the hypertrophic response
To assess if aldosterone and/or corticosterone can potentiate myocyte hypertrophy, we treated cardiomyocytes for 48 h with either PE or PMA together with steroid. Myocyte hypertrophy was assessed by measuring ANP mRNA expression, ribosomal gene (rDNA) transcription, cellular protein levels and reorganization of actin filaments into sarcomeric units, all of which are well-established markers for cardiomyocyte hypertrophy. rDNA transcription is one of the rate limiting steps in protein synthesis and accelerated rates of rRNA synthesis have been demonstrated to accompany increased rates of protein synthesis in all models of cardiomyocyte hypertrophy tested [28,33 -35] . Thus, rDNA transcription is an accurate marker for myocyte hypertrophy and directly reflects changes in protein synthetic capacity. To assess rDNA transcription a ribonuclease protection assay that measured rRNA complementary to the 5V external transcribed spacer (5V ETS) of the 45S ribosomal RNA precursor was used [28, 36] . As illustrated in Fig. 4 PE, PMA, corticosterone and aldosterone all increased ANP mRNA expression 7.4-fold, 12-fold, 4.4-fold and 2.5-fold, respectively. Corticosterone synergized with PE and induced ANP mRNA expression 20-fold above control and 3-fold above PE alone (Fig. 4A) . In contrast, corticosterone did not further increase PMA induced ANP mRNA (Fig. 4C) . Similarly, aldosterone synergized with PE but not PMA in the induction of ANP mRNA expression ( Fig. 4A and C) . Both corticosterone and aldosterone action were inhibited by RU38486 indicating that both these steroids were inducing a response via the GR. Similar to the effects on ANP expression, PE, PMA and corticosterone increased rDNA transcription by 80 + 19%, 122 + 19% and 34 + 8%, respectively (Fig. 4B, D) , and when added in combination, corticosterone and PE synergized, increasing rDNA transcription by 146 + 24%, while the response to combined PMA and corticosterone was equivalent to PMA alone. Protein levels assessed by Lowry assay, demonstrated that corticosterone increased protein by 7.9 + 3% and PE The hypertrophic effect of PE, PMA and corticosterone on cardiomyocytes was confirmed by fluorescence microscopy (Fig. 6) . Cardiomyocytes (400 cells/mm 2 ) stained with TRITC-labelled phalloidin displayed a morphology typified by small, irregularly shaped cells (Fig. 6A) , in contrast PE (Fig. 6C) and PMA (Fig. 6E) and to a lesser degree corticosterone (Fig. 6B ) resulted in both an increase in cell size and reorganization of actin filaments into sarcomeric units.
In addition to inhibiting corticosterone and aldosterone induced responses, RU38486 partially inhibited both PMA induced ANP mRNA and rDNA transcription (Fig. 4C, D) . Further analysis of RU38486 inhibition of PMA action demonstrated a dose dependent inhibition in PMA induced ANP mRNA and rDNA transcription (Fig. 7) . This effect of RU38486 was not mediated via antagonism of GR or MR action because high dose spironolactone that blocks both MR and GR responses in these cells [15] did not mimic the RU38486 effect (Fig. 7) .
Discussion
In this study we demonstrate that there is significant cross talk between corticosteroid receptor activated pathways and both PKC and alpha-adrenergic signalling in cardiomyocytes. Cellular changes associated with the hypertrophic response promote corticosteroid signalling and allow for corticosteroid-mediated potentiation of alpha-adrenergic signalling. Such amplification of alphaadrenergic induced cardiomyocyte hypertrophy may in part explain the role that corticosteroid hormones play in the pathophysiological progression rather than the initiation of heart disease.
Both animal models and clinical studies have implicated mineralocorticoids and glucocorticoids as important factors in the pathogenesis of cardiac disease. Studies in the mineralocorticoid/salt model of cardiac hypertrophy suggest that the initial pathological event is an inflammatory response at the level of the cardiac vasculature [37] and that this is mediated via activation of the mineralocorticoid receptor by either mineralocorticoids or glucocorticoids [38] . In addition, studies in the cardiomyocyte specific 11hHSD2 transgenic mouse suggest aldosterone access to the cardiomyocyte in the absence of glucocorticoid signalling also induces cardiac hypertrophy and fibrosis [17] . Thus, corticosteroid induced cardiac pathology potentially can involve a direct action on either the cardiomyocytes or vasculature, however, a change in the cellular milieu is required for signalling to be pathological. Studies on the cardiomyocyte specific 11hHSD2 transgenic mouse suggest that induction of 11h-dehydrogenase activity in cardiomyocytes is one mechanism by which aldosterone could gain access to the MR and exert its pathological effect. In the present study, induction of 11h-dehydrogenase activity in cardiomyocytes was not associated with PE or PMA induced myocyte hypertrophy suggesting that activation of PKC or alpha-adrenergic receptors alone does not allow aldosterone access to myocyte MR. In contrast, myocyte hypertrophy induced by PMA increased 11hHSD1 reductase activity which would allow cardiomyocytes to utilize circulation 11-ketoglucocorticoid more effectively, thus making it less likely that aldosterone could access cardiomyocyte MR. Cardiac hypertrophy is a function of the activation of numerous intracellular signalling pathways [39] , which appear to be stimulus specific and differential activated during the progression to heart failure [40] . Thus, although we did not observe changes in 11h-dehydrogenase activity (glucocorticoid inactivation) we cannot rule out the possibility that induction of 11h-dehyrogenase activity can occur in the diseased heart.
Compared to GR, MR is expressed at low levels in cardiomyocytes and our previous in vitro studies have demonstrated that neither corticosterone nor aldosterone could sufficiently activate endogenous MR to induce a measurable change in gene transcription [15] . Since the cellular concentration of corticosteroid receptors can impact on their functional response, we tested whether hypertrophy increased the expression of MR and thus led to functional changes in MR signalling. We used SGK1 gene transcription as a functional readout of MR and GR activation as this serine threonine kinase contains a functional glucocorticoid response element in its promoter region [41] and is transcriptionally induced by glucocorticoid-activated GR and aldosterone-activated MR [42 -44] . In adrenergic-and PKC-stimulated myocyte hypertrophy the expression of both MR and GR were increased, and corticosterone and aldosterone induced SGK1 gene transcription was augmented, however the response to both steroids was inhibited by the specific GR antagonist RU38486, indicating that both corticosterone and aldosterone responses were mediated via GR not MR. Several studies have demonstrated that aldosterone can directly affect cardiac cells, although whether this occurs via MR or GR remains equivocal. Specifically, high concentrations of aldosterone appear to be required for a maximum response [14] , suggesting that the effect is via GR, not MR. Spironolactone has been used as a specific MR antagonist [14] , although interpretation of these results is problematic since it can antagonize both MR and GR [15, 45] . Moreover aldosterone can act with a relatively short latency [46, 47] suggesting nongenomic action of MR or alternatively action via a putative membrane receptor. The aldosterone-induced effects that have been reported can be phenocopied by glucocorticoids [48 -52] , further suggesting that the aldosterone effects may be mediated via GR. In one study, however, high glucose concentrations potentiated aldosterone effects via MR in cardiomyocytes [53] , suggesting that under pathological conditions, these cells may become more sensitive to aldosterone-activated MR.
GR activation induces cardiomyocyte hypertrophy, increases SGK1 gene expression and potentiates adrenergicbut not PKC-induced hypertrophy. Aldosterone at a concentration that would saturate MR and partially bind to GR is unable to induce either hypertrophy or SGK1 gene expression indicating that MR activation alone does not cause myocyte hypertrophy, however aldosterone did potentiated adrenergic-induced hypertrophy albeit to a lesser degree than corticosterone. The ability of RU38486 to block the aldosterone effect together with the less robust response of this steroid compared to corticosterone is good evidence that aldosterone was mediating its effects via GR not MR. However, a caveat in this interpretation, is that RU38486 was also able to dose dependently inhibited PMA induced hypertrophy in the absence of steroid, indicating that RU38486 inhibits PKC signalling. Studies in neurons have also indicated that RU38486 has inhibitory effects on PKC that are independent of its antagonistic properties at GR [54, 55] . Given that aldosterone can stimulate PKC epsilon in rabbit cardiomyocytes [56] , we cannot rule out the possibility that RU38486 induced inhibition of aldosterone effects in rat cardiomyocytes is via its ability to inhibit PKC activity rather than block binding to GR.
The mechanism by which GR activation potentiates adrenergic induced hypertrophy is not clear, although a number of observations suggest that SGK1 is a likely candidate. Over expression of constitutively active SGK1 in cardiomyocytes induces myocyte hypertrophy and potentiates the alpha-adrenergic response, however SGK1 is not mandatory for the hypertrophic response to phenylephrine [57] . Similarly, in our studies, GR activation induced SGK1 expression, caused weak hypertrophic responses in cardiomyocytes and significantly potentiated the alpha-adrenergic response, although phenylephrine did not induce SGK1 expression. In addition to SGK1 being transcriptionally regulated, it is activated by phosphorylation through the phosphoinositide 3-kinase (PI3kinase) signalling pathway [58] , ERK5 [59] and possibly other kinases. Phenylephrine activates the PI3kinase pathway [60] and ERK5 [61] in cardiomyocytes, both of which phosphorylate and activate SGK1. Therefore, a mechanism for corticosteroid potentiation of alpha-adrenergic induced hypertrophy may involve GR-mediated transcriptional induction of SGK1 followed by its post-translational activation via phenylephrine-induced PI3kinase and/or ERK5. This mechanism would explain why GR activation did not potentiate PKC induced hypertrophy, as PKC has not been shown to phosphorylate and activate SGK1.
The present data demonstrate that increased glucocorticoid metabolism as a mechanism by which aldosterone could gain access to myocyte MR does not occur in these in vitro models of cardiomyocyte hypertrophy. In contrast we have demonstrated that glucocorticoid and aldosterone signalling is increased in the hypertrophied cardiomyocyte as a result of increased GR levels and potentiation of GR induced gene transcription. The enhanced corticosteroid signalling leads to significant up regulation of SGK1 which may play a role in functionally enhancing alpha-adrenergic induced hypertrophy. These data suggest that a positive feed back loop exists between glucocorticoid and alpha-adrenergic signalling which results in augmentation of cardiomyocyte hypertrophy. Initially this augmentation of cardiac hypertrophy may aid in the early compensatory mechanism of the heart in response to increases in hemodynamic load, however under pathological conditions it may be deleterious which is consistent with the beneficial effects of corticosteroid blockade in heart failure.
